EnviwimH;Ab'Pm*pelO4:iO84A1089 (1996) The development and maintenance of reproductive tissues is, to a large extent, controlled by steroid hormones. The effects of hormones are mediated through binding intracellular receptors and the interaction of hormone-receptor complexes with DNA. Recently, it has become apparent that hormonal responses can be generated in cell culture and in animals by environmental chemicals functioning as hormones or antihormones (1) . In 1968 Bitman et al. (2) demonstrated that the pesticide o,p'-DDT produced characteristic estrogen responses in the reproductive tracts of rats and birds. Subsequent studies have reported that DDT can induce feminization of male sea gull embryos (3) . A more recent study correlated a decrease in the population of alligators in Lake Apopka, Florida with a DDT and dicofol spill in the lake (4) . Investigations into the mechanism(s) responsible for the actions of DDT have shown that its effects appear to be primarily mediated by its interaction with the estrogen receptor (5 (10) .
The identification of a large number of environmental estrogens and their effects on various wildlife species has focused attention on the association of environmental estrogens with human health. The concentration of the DDT metabolite p,p'-DDE in the sera of women has been associated with an increased risk for breast cancer (11, 12) . A separate study reported that the sera concentration of p,p'-DDE was a risk factor for breast cancer in Caucasian and African American women but not in Asian women (13) . Other studies, however, have reported no correlation between levels of environmental chemicals and incidence of breast cancer (14) . In addition to the potential impact on women's health, environmental estrogens have been suggested to account for decreased semen quality and increased testicular cancer in men (15) . Nonetheless, the findings correlating environmental estrogens with adverse human health are still the focus of scientific debate and investigation.
The well-documented effects of environmental estrogens in animals and their potential for adverse effects in humans have led to the development of assays for identifying chemicals with estrogenic activity. In 1993, McLachlan (16) proposed a screening approach to determine the functional characteristics of environmental chemicals. Soto et al. (17) have utilized the E-SCREEEN assay, which measures the proliferation of estrogen responsive MCF-7 cells as a marker of the estrogenicity of chemicals (17) .
The drawback to the manner in which the E-SCREEN was used is that chemicals identified as estrogenic were not tested for interaction with the estrogen receptor by determining the proliferation of (Fig. 3) . p,p'-DDD at 100 nM induced luciferase activity to a level similar to 100 pM estradiol. o,p'-DDT induced luciferase activity to the same extent as p,p'-DDD, but at a concentration of 1 pM (Fig. 3) . This is inconsistent with the competition binding studies which showed that o,p'-DDT was more effective than p,p'- ing to hER. In this assay, o,p'-DDT and p,p'-DDD appear to be full agonists of hER-mediated transactivation because they increased luciferase activity to the same extent as estradiol, albeit at higher concentrations.
None of the other environmental chemicals, at the concentrations tested, induced luciferase activity to the same extent as estradiol (Fig. 3) . At 1 pM alachlor, luciferase activity was increased 23-fold or approximately 50% of the maximal activity induced by estradiol. 10 pM alachlor did not further increase luciferase activity, indicating that alachlor is only a partial agonist of hER. o,p'-DDD increased luciferase activity 15-fold above control at a concentration of 1 pM. Higher concentrations of o,p'-DDD were not tested for induction of luciferase activity due to their toxic effects on MCF-7 cells. cisNonachlor and trans-nonachlor displayed minimal estrogenic activity in this assay. At the maximum concentration tested, transnonachlor (4.5 pM) induced luciferase activity 14-fold above control levels and cisnonachlor (20 pM) induced luciferase activity seven-fold above control levels. Benomyl was not able to induce luciferase activity even at 20 pM (Fig. 3) .
To demonstrate that the chemicals interacted with the hER in MCF-7 cells, MCF-7 cells were incubated in the presence of environmental chemicals alone or environmental chemicals and a 100-fold molar excess of 4-OH-tamoxifen, an ER antagonist. The luciferase activity induced by all of the chemicals tested was eliminated in the presence of 4-OH-tamoxifen (Fig. 4) , demonstrating that the chemicals interact with the hER in MCF-7 cells.
Next, we examined the feasibility of testing environmental chemicals for estrogenic activity using MCF-7 cells in a 96-well plate. MCF-7 cells in 96-well plates were transfected with the ERE-luciferase reporter plasmid, treated with various concentrations of 17p-estradiol, o,p'-DDT, p,p'-DDD, or vehicle for 18 hr, and then assayed for luciferase activity. Luciferase activity was induced by environmental chemicals in MCF-7 cells plated in 96-well plates (Fig. 5) . The induction of luciferase activity by the chemicals was reduced compared to the induction seen in the 35-mm wells, as shown in Figure 3 . The maximum induction by the chemicals was 46-fold in 35-mm wells, whereas the maximum induction in the 96-well plates was fourfold.
Discussion
We have used a combination of three assays to study the estrogenic activity of several environmental chemicals. This combination of in vitro techniques ed YES, the competition binding as the MCF-7 cell luciferase assay. I assays, o,p'-DDT and p,p'-DDD di the greatest estrogenic activity of th icals tested. Alachlor, o,p'-DD nonachlor and trans-nonachlor strated weak estrogenic activity benomyl had no estrogenic activity. o,p'-DDT has previously been sl have estrogenic activity in the rat while other DDT metabolites such DDD and o,p'-DDD (mitotane) ha shown to be nonestrogenic or only estrogenic in the rat (20) . Alachlo active ingredient in many trade nam cides, as well as being one of the mo ly used herbicides in the United Stat Previous studies have indicated that istration of alachlor to rats has no reproductive effects (23) , and Sot (17) have shown that alachlor is nc genic in the E-SCREEN assay.
Our data on the estrogenicity DDD are in contrast with previou animal studies; Such studies have that, in the rat, p,p'-DDD does n( tion as an estrogen when measured uterine glycogen response or indu( uterine ornithine decarboxylase ( To be relevant to the human, these sought to examine the estrogenic ac the DDT metabolites using hER. Finally, we were interested in determining whether the ability of environmental chemicals to induce the expression of the luciferase reporter gene could be determined in a microassay. By using the microassay, a large number of chemicals can be evaluated. However, the decreased induction of luciferase activity observed using the 96-well plate procedure compared to the induction observed with the 35-mm well transfection protocol limits this assay to identifying only a positive or negative response with respect to the ability of an environmental chemical to induce estrogen-responsive reporter gene activity. At the present time, in order to determine whether a chemical acts as a partial or full agonist, a more sensitive assay such as the 35-mm well transfection procedure will be necessary.
Proliferation assays were not included in these studies. The ability to bind to hER and regulate the transcription of estrogenregulated genes may have effects in addition to the proliferation of the breast cancer cell. For example, the induction of estrogen-regulated gene transcription may result in the production of growth factors or other proteins that act to regulate the growth of cells surrounding the breast cancer cell. These surrounding cells may ultimately produce other factors that affect the breast cancer cell. Recent studies have also shown that different MCF-7 stocks respond uniquely to both estradiol and environmental estrogens in proliferation assays (26, 27) , possibly adding to discrepVolume 104, Number 10, October 1996 * Environmental Health PerspectivesArticles * Identification of environmental estrogens ancies among data from different laboratories. For example, alachlor was not identified as an estrogen by the E-SCREEN assay (17) , but it did display estrogenic effects in our laboratory. In another example, o,p'-DDT was shown to be estrogenic in the E-SCREEN (17) , and it also exhibited estrogenic activity in our assays. Whether the differences between our data on alachlor and those of Soto et al. (17) are due to the use of separate MCF-7 stocks or other phenomena is unclear.
The in vitro assays used here were not selected to definitively determine whether an environmental chemical is an estrogen (as the definition of a true estrogen is still the focus of much debate) or to replace the testing of environmental chemicals for estrogenic activity in animals. Rather, this approach was designed as a multifaceted procedure to examine several different aspects of estrogenic activity, namely, the ability to bind to ER and the capacity to activate estrogen-responsive genes through ER. The ability of a chemical to elicit any of these responses may indicate it will be estrogenic in ViVO. This three-tiered approach will aid in the characterization of large numbers of chemicals for estrogenic activity and, more importantly, provide insight into the mechanisms involved in the mediation of the estrogenic activity of environmental chemicals. We suggest, therefore, that these in vitro assays are an important addition to other biological assays, including whole animal studies, which examine the estrogenicity of environmental chemicals, as well as an effective method for beginning to dissect the molecular mechanisms involved in the estrogenic responses elicited by many environmental chemicals.
